Alignment of the CBCT with the reference CT is called image registration (IR). The parameters for utilizing the automated Elekta XVI IR software for IGRT of the prostate still remain to be defined. In this study, we compare several automated XVI IR parameters to manual registration to identify the optimal automated IR technique for the prostate gland. 280 prostate IRs were conducted as follows: 210 automated, and 70 manual IR were performed using 70 CBCT scans of seven patients. The three arms of the automated registrations were: (i) extended FOI/Bone + grey scale (double IR); (ii) limited FOI/GS (single IR); and (iii) extended FOI/GS (single IR). Automated IRs were compared to manual IRs; x, y, z shifts, failures, and errors recorded for off-line analysis. Based on the most successful parameters, a departmental protocol was developed and 432 automated IR were performed (on 20 patients) for analysis. Automated IR were classified as: Successful, failed, error, or unregistered. In arm 1, the rate of successful, failed, error, and unregistered IR were 52.8%, 1.5%, 8.6%, 37.1%, respectively, arm 2: 90% successful, 10% failed, arm 3: 100% successful. Using the arm 3 parameters for the 432 automated IRs, the incidence of unregistered scans was 0%, rescanning was required in 1% of treatments, and the time for performing the auto IR was < 5.5 minutes. We found that extended FOI + single (GS) IR results in shifts comparable to manual IR using automated XVI software. We experienced multiple unsuccessful registrations with the other methods. We conclude that when utilizing the Elekta XVI automated IR software, the extended FOI/single IR results in successful registrations most often. In addition, it is currently effectively used in our clinical practice.
Introduction
Recently, there has been an increase in the number of studies published on Image-Guided Radiation Therapy (IGRT) for the prostate gland. The interest in IGRT for prostate cancer has escalated due to the growing body of publications documenting the inter-fractional movement of the gland (1-7), multiple trials suggesting that increased dose improves disease control (8) (9) (10) (11) (12) (13) (14) , the widespread use of tighter margins/dose escalation with 3-dimensional conformal radiation therapy (3D-CRT)/Intensity Modulated Radiation Therapy (IMRT), and many clinical reports of decreased toxicity profiles with the use of 3D- . Because the prostate gland undergoes inter-fractional changes in position, size or shape, the concept of acquiring anatomical and positional information within minutes prior to treatment is very appealing in order to facilitate making daily on-line adjustments. In addition, greater precision and reduced geometric uncertainty allow for tighter margins and possibly an additional decrease in side effects.
Although various forms of IGRT exist, the CT based IGRT devices have become increasingly more prevalent in radiation oncology practices. This may be, in part, due to the fact that the computed tomography still remains the gold standard for simulation, target delineation and treatment planning for prostate 3D conformal and IMRT plans. The general process for CT based IGRT of the prostate involves accelerator based cone beam CT (CBCT) scanning of the patient in the treatment position immediately prior to daily treatment, x-ray volumetric reconstruction, aligning the recently acquired CBCT scan with the reference simulation scan, and then repositioning the patient with the treatment couch, if indicated.
Despite the increase in the number of publications on CTbased prostate IGRT, there is still a paucity of data to support the day to day clinical implementation of IGRT for the prostate gland. Specifically, techniques for automated prostate image registration (autoIR), defined as the process of aligning the daily CBCT from the linear accelerator with the reference CT from the simulation using the algorithm based software on the linear accelerator, have been described in the literature but no direct comparison of the parameter options for automated image registration has been performed to date. Although some CBCT systems allow for only manual registrations, (where the user aligns the CBCT to the reference CT in three-dimensions), the Elekta Synergy XVI includes software to enable an autoIR to occur. Prior to performing an autoIR, there are several algorithm based-registration options from which the user must choose: grey scale (soft tissue) IR, bone IR or a combination of both. In addition, a 'Field of Interest' (FOI) needs to be defined on the reference CT scan to delineate the area of interest to be aligned. Automated registration is guided by algorithms that calculate correspondence (between CBCT and reference CT) with normalized cross-correlation within the FOI; therefore, the parameters of the FOI are critical for successful registration. Alternatively, the XVI has the option of foregoing the autoIR to perform a manual registration. Different techniques using a single (grey scale) registration versus a double (bone followed by grey scale) registration for localization of the prostate gland have been described in the literature (26). To confound matters even further, the FOI varies from publication to publication for the XVI system, with some describing limited FOI with minimal surrounding periprostatic tissue, while others describe a larger FOI including some of the bony anatomy of the pelvic brim (27) (28) (29) (30) (31) .
This study was prospectively conducted to define the optimal automated registration technique for IGRT of the prostate gland using XVI software. In addition, based on the findings of our study, we implemented a prostate IGRT protocol and discuss our departmental clinical experience with this protocol. To date, there are no studies published comparing the varying parameters for prostate automated IR using the XVI software. In this study, we investigate two variables: (i) limited vs. extended FOI, and (ii) grey scale (single) vs. bone followed by grey scale (double) automated registration, as compared with manual registration, in order to determine the most successful and reliable technique for automated prostate IR.
Methods and Materials

Study Design
After obtaining institutional review board (IRB) approval, a database was created for IGRT prostate cancer patients for review of the CBCT images and clinical data. Seven prostate cancer patients were randomly chosen and 280 X-ray volumetric imaging registrations were conducted (Tables IA  and B. ). Each patient underwent a CBCT on ten consecutive days, for a total of 70 scans. The data were stored in a database at The William W. Backus Hospital/Yale University School of Medicine, Department of Radiation Therapy. On each of the 70 scans, three automated IR techniques (arms 1, 2, and 3; Table I ) were conducted and compared to the manual IRs. Translational shifts for the automated IRs were recorded in the x (left/right), y (superior/inferior), and z (anterior/posterior) coordinates. Although rotational shifts were also generated with each autoIR, they were not recorded and analyzed, because the hardware required to perform rotational shifts on the treatment table is not available at our facility. For consistency, all manual registrations of the CBCT to the reference CT were conducted by one radiation oncologist within the department using translational shifts only, in the coronal, sagittal, and axial planes, using the CTV as outlined on the reference scan.
For each of the 70 CT scans, a manual IR was performed, followed by the three automated IRs. The positional shifts for each registration were recorded. In addition, the incidence of error messages and automated registration failures were recorded in the database for off-line analysis.
Equipment and Patient Set-up
The prostate planning CT scan was obtained using the Philips AcQSim CT-simulator for all patients. Patients were immobilized using the leg immobilizer (Civco Soln., Kalona, Iowa) in the supine treatment position, full bladder, with no contrast.
No attempt was made to regulate the bowel content of the patient. The helical planning CT was obtained from the L-4/L-5 interspace to the bottom of the ischial tuberosities using 3 mm slice thickness. At the conclusion of the simulation, the isocenter location was tattooed onto the patient's skin. The three point set-up was used to position the patient on a daily basis.
The physician delineated the prostate on the axial images of the planning CT using the Philips Pinnacle 3 Treatment Planning software, V.7.4. The prostate (excluding the seminal vesicles) was defined as the clinical target volume (CTV). The rectum was contoured from the recto-sigmoid flexure to the anus using the outer rectal wall as the region of interest. The entire bladder and contents were contoured.
On the linear accelerator, the patients were set up meticulously on a daily basis using lasers and tattoos. This was followed by the CBCT image acquisition in the treatment position, which was conducted daily using the Elekta Synergy XVI, V.4.0 b 25. The XVI system consists of a kV source and an amorphous silicon flat panel that are attached to the drum of the linear accelerator perpendicular to the radiation beam ( Fig. 1) (32, 33) . This configuration allows for an X-ray volumetric image (XVI) to be acquired in a single revolution of the gantry. The XVI software uses a cone-beam reconstruction process based on the Feldkemp-Davis-Kress (FDK) algorithm (34). The flat-panel imager has a pixel matrix of 1024 × 1024 with pixel resolution in the isocenter plane of 0.26 cm and a field of view (FOV) of up to 25.6 cm. The standard acquisition parameters for on-board CBCT imaging of our prostate patients include 120 kV, 40 mA, 40 ms per projection, clinical F0 filter, and M10 collimator cassette. The imaging protocol is preset and selected based on treatment site. Only one filter (F0) is available for clinical use on the Synergy linear accelerator. Additional filters are available only for use in the service mode. The F0 filtration consists of two 1 mm sheets of clear extruded polyethylene terephthalate glycol copolyester (PETG) providing beam filtration equivalent to 0.24 mm aluminum at 100 kV. Collimator cassettes of various dimensions are available and have the same PETG filtration. The collimator cassette and FO filter are mounted in the collimator head during the patient imaging cycle. Once the study was begun, no adjustments were made in the parameters of the projection images. Approximately 650 two dimensional radiographs are captured during the 360 degree rotation. CBCT reconstruction was started simultaneously to the acquisition of the scan and produced images seconds after the end of acquisition. Reconstruction progresses as the CBCT is taken and is finalized when the last image is acquired. Commissioning and calibration of the CBCT isocenter to the linear accelerator isocenter was performed prior to initiating this study (35) (36) (37) .
Field of Interest
The XVI algorithms are based on chamfer matching (30, 38, 39) and require a FOI to be demarcated by the user to highlight the area of interest for alignment. The technique of chamfer matching requires that the area of interest in one scan be described by a collection of contour points, while the feature in the other scan is reduced to a binary image, of which the distance transform will be computed (39, 40, 42) . This technique attempts to optimize the fit between the CBCT scan and the reference scan using all the contour points that are supplied in the area of interest designated (or the FOI). The alignment of three non-coplanar points is determined by minimizing their positional error function, Σ[(x 1 -x 2 ) 2 + (y 1 -y 2 ) 2 + (z 1 -z 2 ) 2 ], where x, y, z are the three-dimensional cartesian coordinates of surrogate points on the two images (43). The chamfer matching technique uses either 2-D or 3-D surfaces of the tumor, the tumor-bearing organ or a neighboring organ where the alignment of images is performed by dividing the surface into a series of points and minimizing the difference between points. The algorithm for grey scale XVI IR uses grey-level correlation ratio technique (44, 45) and matches voxel gray scale intensity values throughout the entire image volume (FOI). The bone mode of IR that employs chamfer-matching algorithm is relatively insensitive to the surrounding image (38).
For the purposes of this study, the FOI were designated as extended or limited ( Fig. 2 and Fig. 3 ). The extended FOI included the prostate, surrounding soft tissue, anterior wall of the rectum, and the medial portions of the pelvic bone. The seminal vesicles were not intentionally included. The limited FOI was defined as the prostate with minimal peri-prostatic tissue, the anterior portion of the rectum, and minimal bone. Prior to autoIR registration, the FOI was delineated on the reference CT and locked into position for each patient/technique and was not altered between registrations. 
Determination of Registration Success
Off line analysis of the three automated registration techniques was conducted and compared to the manual IR. Automated registrations were characterized as successful, failed, unregistered, and error message ( Fig. 4a-4d ) and were defined as follows:
I. Successful -Automated IR ≤ 3mm in all directions (x, y, and z) from Manual II. Failed -Automated IR > 3mm in any direction (x, y, or z) from Manual III. Unregistered -Algorithm unable to complete registration IV. Error Message -Successful registration but with error message.
An error message (definition IV) is sometimes displayed when the chamfer algorithm fails to perform a successful bone IR (personal communication: Elekta). It is also possible that the algorithm may produce, without a warning message, an incorrect IR solution (definition II: 'failed') under some situations that include: (i) registration of spinal ver- 
Correlation of Auto IR and Manual IR
The unregistered and error message auto IRs were excluded from this portion of the analysis. The absolute values of the difference between the manual IR and the auto IR (successful and failed) table shifts were calculated and recorded: |x m -x A |, where x m is the value of the manual registration shift, and x A is the value of the auto IR shift in the left/right direction. |y m -y A | and |z m -z A | were calculated for the anterior/posterior and superior/inferior shifts. The absolute values were divided into the categories of successful (≤1mm, ≤2mm, or ≤3mm) and failed (>3mm) image registrations. The frequency of the shift difference (%) was plotted against the shift range (mm) for the three directions.
Clinical Application
Based on the results of our automated image registration study, a departmental protocol was developed for implementation of the IGRT prostate program. The radiation therapists were taught the most favorable automated registration technique and the anatomic borders of the optimal FOI in the coronal, sagittal, and axial planes. The FOI was generated on the first day by the therapists, reviewed by the physician, and locked into place. The next 20 consecutive patients undergoing definitive radiation therapy for prostate cancer underwent CBCT with automated registration performed prior to their treatments, for a total of 432 automated registrations conducted using the XVI software.
The therapists were directed to adjust the couch if any shift in the x, y, or z axis was >3 mm. If all x, y, and z axis shifts were ≤ 3mm, no couch shifts were made. The action level of 3 mm was chosen as a trade-off between accuracy and efficiency and has been previously described (41, 46) . After the automated IR was conducted, a print-out of the registration with the images and shifts was reviewed and signed by the physician, and placed into the chart for IGRT documentation purposes. If a shift >1.0 cm was generated, the physician was asked to come to the treatment machine to verify the patient positioning and automated registration technique. The time required for performing IGRT of the prostate using the automated technique of extended FOI and single grey value registration, including the time to adjust the couch remotely (as indicated) was recorded. After the automated IR was conducted, a print-out of the registration with the images and shifts was reviewed and signed by the physician, and placed into the chart for IGRT documentation purposes. The protocol and our experience are described below.
Results
Evaluation of IR Techniques
Of the 210 auto IR performed, there were six unregistered IR (2.85%), all occurring in arm 1. Error messages occurred in 26 IR (12.75%), all in arm 1. There were eight (3.92%) failed IR (seven in arm 2, one in arm 1). The only group with no registration failures, errors, or unregistered scans was arm 3. For arm 2, there were 63 successful registrations, and seven failures. In arm 1, there were 37 successful IRs, one failed IR, six unregistered, and 26 error messages. The success of each technique in absolute numbers and percentages is given in Table II . The presence of artifacts did not appear to correlate with unregistered scans, or generating error messages with the automated IR software.
Correlation of Auto IR and Manual IR
The total number of successful (≤3 mm) and failed (>3 mm) auto IRs for the three techniques was 178/210 (38, 70, and 70 in arms 1, 2, and 3, respectively). Figure 5 (a,b,c) shows the degree of shift difference between the auto and manual IRs for each arm. 170/178 IRs were successful (95.5%) and 8/178 (4.5%) were classified as failed.
Timings
None of the 70 CBCT scans acquired for this study required rescanning. The CBCT images were acquired in a median time of 120 seconds. The automated registrations took a median time of 30 seconds (range 20-60 seconds) using the XVI software, including time for the user to review and accept the IR. The median time for performing the manual image registrations was 3 minutes (range 2.5-4.5 minutes).
Clinical Implementation of Automated IR Technique
The departmental protocol, based on our success using the extended FOI and single grey scale IR, is outlined in Figure 6 . Physicians were asked to review shifts of >1.0 cm on 28 occasions (28/432, or 6.5%). The time required for performing IGRT of the prostate using the automated registration (including time to remotely move the treatment table, if necessary), ranged from 160-200 seconds. Four CBCT scans were repeated on four individual patients, because of a generator fault that required technical support from the manufacturer. The percentage of scans that required repeating was, therefore, 0.92% (4/432). There were no error messages generated for the 432 scans using the extended FOI/single grey value auto IR parameter. The time for the entire IGRT process, including acquiring the CBCT (120 sec), performing the automated registration (≤ 60 seconds), and performing the automated couch adjustments ranged from 3.5-5.5 minutes.
Discussion
This study was conducted to compare various automated registration parameters to determine the optimal automated IR technique for IGRT of the prostate. We compared the parameters of: single (grey value) IR vs. double (bone followed by grey value) IR and limited vs. extended FOI, and found that the single IR with the extended FOI was comparable to the manual registrations performed by an experienced radiation oncologist from our department. Although some centers conduct manual registrations exclusively, we have found that manual alignment of the CBCT with the reference scan is significantly more time consuming, requiring successive interactive alignment in the transverse, coronal, and sagittal planes and is associated with a significant learning curve. In addition, the manual registration requires the patient to lie still on the table for a longer duration of time between acquisition of the CBCT and treatment, making them more apt to move. Manual registrations may also increase through-put time for the entire treatment process.
To reduce the interval of time between the CBCT scan and treatment, automated IR algorithms for prostate localization were developed and added to the XVI software based on grey value (soft tissue), bone delineation or a combination of both. These algorithms require the user to highlight an area of interest for alignment of the CBCT with the reference CT. Unfortunately, there are no guidelines or data to support selecting an extended vs. limited FOI/single vs. double registration for autoIR. Although the autoIR software is comprehensive in the XVI package, many centers continue to conduct manual registrations due to the uncertainty of which parameters to select prior to performing the registration. Lack of guidelines/data has impeded the clinical utilization of the automated software in many radiation departments. Furthermore, manufacturers of the XVI (Elekta) have no data to support the guidelines they offered during training. The start position of the algorithm was a registration of the bony anatomy. Their FOI was defined as a 5 mm expansion of the CTV, excluding the pubic bone. In contrast, the use of a larger FOI encompassing significant portions of the pelvic bone has also been advocated ( Fig. 7) (31).
In our study, we used the manual registration as the "gold standard" and compared the results of three automated IR methods with the results of the manual IR. It is well documented in the literature that inter-user/intra-user variability exists with manual registrations (27, 41) . In a recent publication reporting inter-observer variability for matching CBCT to the reference CT conducted by five radiation therapists from a large institution, the largest variability was in the z axis (superior/inferior direction) and reported as 2.85 mm (41). We addressed the issue of inter-user and intra-user variability by (i) having a single user perform all manual registrations and (ii) taking into account the results of previously reported variability studies by adding a margin of error for our successful versus failed registrations. The results of these studies suggest that intra-user variability is generally less than 2 mm in any direction and inter-user variability is less than 3 mm in any of the translational axis. We, therefore, scored our automated IRs as successful if the shifts were less than or equal to 3 mm in any direction of the manual registration. It is important to note that many of these inter-observer registration variability studies included manual IRs performed by therapists and physicists. In our study, a single radiation oncologist with extensive experience with pelvic CT anatomy and contouring was asked to perform all manual registrations.
We found that the degree of correspondence between the automated IR and the manual was similar for the x, y, and z axis irrespective of the technique (or arm) used, if the algorithm was able to complete the registration without an error message ( Figure 5 ). This suggests that if the algorithm is successful in matching the CBCT to the reference CT, the degree of shift is not dependant on the FOI or the registration technique utilized (i.e., single vs. double registration).
The error message that we sometimes experienced: "Match stopped close to search limits-possible incorrect answer" is due to the chamfer algorithm failing to perform a successful bone IR (personal communication: Elekta). It follows then, that we would only experience this error message if conducting a bone registration. This was our experience; error messages were generated only in arm 1 (double IR technique with extended FOI technique). The automated double registration was stopped when this error message was seen and the frequency of the error message was reported. Although arm 2 of our study (limited FOI + single IR) did not result in any error messages or unregistered scans, 10% of the scans were classified as 'failed' because the difference in the translational axis for manual versus autoIR was greater than 3 mm. Arms 1 and 2 of our study were, therefore, deemed sub-optimal for successful auto IR. Since all registrations in arm 3 (100%) were within 3 mm of the manual shifts, we utilized the technique of extended FOI and single IR for our departmental algorithm.
Both the extended and limited FOI were designed so that only the anterior portion of the rectum was included for the matching process; we did not find any association between image artifact and the amount of gas in the rectum. As described by other publications (47-49), we found that the quality of the CBCT images was variable depending on artifacts from individual patients' anatomy, but all scans conducted during the study period were acceptable for manual IR and did not require re-scanning. In addition, the acquisition time for CBCT and IR was relatively short and automated registrations were conducted in less than one minute.
While image quality criteria are well defined for conventional CT scanners, image quality measures for CBCT are still evolving. In the clinical setting, imaging parameters are not routinely individualized for each patient, and should be optimized by site and relative patient size (50). We defined our preset parameters for 3D reconstruction to optimize scan speed and image quality. We would recommend working with the manufacturer's engineer to optimize the imaging preset parameters and minimize image artifact prior to using the automated software. Although a detailed discussion of CT imaging artifacts is beyond the scope of this paper, the major causes are due to the (a) spectrum of x-rays being used for the image, (b) the object being imaged, (c) the detector, (d) the imaging geometry, and (e) the reconstruction process (50). The most common artifacts experienced when using amorphous silicon panels are: ring artifact (sag in the gantry at 90º and 270º), cupping and streaking (caused by missing or truncated data, high density objects and bony prominences), and patient related artifacts (beam hardening when patient is smaller than expected and motion, i.e., rectal gas).
Lastly, since conducting this study, we have implemented an IGRT program for our prostate patients using the parameters of arm 3. The protocol we developed entails training the radiation therapists with concrete guidelines for the anatomic borders for the FOI (extended FOI), type of automated registration (single grey value IR), and performing couch shifts according to the procedure outlined above. The protocol requests direct physician input only if shifts exceed a certain level, to decide whether to reposition and re-scan, or proceed performing the shift of >1 cm. We have not had any unregistered scans or error messages using this technique for our patients. In our clinical experience, we have found this protocol for autoIR for IGRT of the prostate gland to be effective and user friendly for both radiation therapists and radiation oncologists alike, without adding significantly to patient through-put time.
Conclusion
In this study, we evaluated different parameters for clinical utilization of XVI software and compared them to manual registration. We have found that using a single, grey value automated IR with a FOI that encompasses the prostate, the medial portion of the pelvic bones and anterior wall of the rectum results in comparable translational shifts as a manual registration. We experienced no registration failures, errors, or unregistered scans using these parameters. With the other parameters evaluated, we experienced multiple unsuccessful registrations. To the best of our knowledge, this is the first study conducted comparing the parameters for utilizing the automated IR software and provides useful clinical information for those wishing to implement a prostate IGRT program utilizing the XVI automated registration software.
